Abstract Highly seasonal rivers can experience extended low flow, and often dry, periods. Macroinvertebrate and flow data were used to explore hypotheses on the effects of antecedent hydrology and the low-flow, dry-season period on macroinvertebrate assemblages in northern Australia. Composition differed between early and late dry seasons. Taxa were more sensitive to water quality and more rheophilous in the early dry season when their habitats were lotic than when habitats later became lentic. As flow magnitudes in the antecedent dry season and on the sampling day increased, the habitats became more oxygenated and, in turn, macroinvertebrate richness increased. Higher wet-season flow magnitudes, flow variability and rates of fall were correlated with lower richness in the following dry season. Alteration of the flow-disturbance regime that increases the likelihood of flow cessation in macroinvertebrate habitats, or extends the duration of the dry season beyond that previously experienced in these highly seasonal systems, may alter the resistance and resilience of assemblages such that the seasonal decline and recovery of biodiversity may no longer be so reliable. Given the projected increase in low-flow incidence in many regions of the world, future research needs to examine the effects of reduced flow, flow cessation and stream drying as multiple, interacting stressors on stream biota.
Introduction
Highly seasonal streams and rivers of the low latitudes play an important role in the global hydrological cycle , with some of these systems having the largest discharges in the world (Latrubesse et al., 2005; Boulton et al., 2008) . In Australia, for example, the wet-dry tropical rivers of the Gulf of Carpentaria and Timor Sea drainage divisions, which make up *15% of the land area, transport *50% of the continent's annual average runoff to the ocean (AWRC, 1976) . This high discharge, however, occurs during a relatively short wet season with the rivers experiencing extended dry periods each year due to seasonally low rainfall. Low and zero flows therefore constitute a significant component of the rivers' flow regimes (McMahon & Finlayson, 2003) . While the combined consideration of low flows and biotic response within river systems is growing (e.g. Dewson et al., 2007; Stubbington et al., 2009; Walters & Post, 2011) , there is an increasing need for detailed understanding given scenarios of altered discharge under a changing climate and increased water use by humans (Milly et al., 2005; Stevenson & Sabater, 2010; Ledger et al., 2011) . This is as important for the highly seasonal rivers of the tropics as it is for temperate systems (Boyero et al., 2009) .
Composition and diversity of biota within highly seasonal streams and rivers reflect patterns of withinand among-season variation in abiotic and biotic conditions, as well as evolutionary constraints (Arrington & Winemiller, 2006; Bonada et al., 2007; Leung & Dudgeon, 2011) . Rain-induced spates during the wet season alter water chemistry and shape the channel, floodplain and biotic responses, which through the falling water period transform into the dry-season responses to reduced discharge and more localized changes in abiotic and biotic conditions. Transition into the next wet season then completes the cycle (Leigh & Sheldon, 2008; Warfe et al., 2011) . Seasonal patterns of variation in populations and assemblages of aquatic biota have been noted in the highly seasonal systems of the neotropics (Nolte et al., 1997; Montoya et al., 2006) and monsoonal Asia (Leung et al., 2012) and in tropical rivers draining to Australia's east coast (Perna & Pearson, 2008; Rayner et al., 2008) . Maximum density and biomass of aquatic insects has been found, for example, during the dry season in tropical lowland streams that have a relatively benign dry season (Ramírez et al., 2006) , and highest richness and abundance of invertebrates occurs during the relatively short dry season in highland, neo-tropical streams (Jacobsen & Encalada, 1998) . Highly seasonal, lowland rivers are found across the world's wet-dry tropics, in Africa (north and south of the Congo), South America (in the Cerrado, Llanos and Chaco), in southern Asia and across northern Australia (Latrubesse et al., 2005) , and for many of these systems extended dry seasons with little to no rainfall are the norm. Much of our understanding, however, on the seasonal trends within populations and assemblages of in-stream biota in these types of tropical rivers comes from studies within only a few systems (e.g. Douglas et al., 2005; Pettit et al., 2011; Leigh et al., 2012) .
Our understanding of seasonal dynamics of macroinvertebrate assemblages in lowland streams of the wet-dry tropics, including the biotic responses to natural periods of extended low and zero flow during the dry season, draws heavily on studies of the Alligator Rivers Region in northern Australia, and in particular from Magela Creek in the East Alligator River basin (Garcia et al., 2011) . In this system, macroinvertebrate richness and abundance of shallow pool assemblages were examined over a 1-year period and found to peak around the late wet to early dry season, declining to minima by the end of the dry season (Marchant, 1982) . Patterns in the deeper, mainchannel pools were comparable but less pronounced. The observed changes reflected patterns of growth in macrophytes during the wet season, which were thought to provide food and shelter for the macroinvertebrates. Similar patterns were found in a later study that included some of the same sampling locations: macroinvertebrate diversity decreased over the course of a dry season but showed rapid recovery in the early wet season with the resumption of flow (Outridge, 1988) . Richness and abundances were again associated with the presence of macrophytes. Organic detritus delivered to sites on the early wetseason flows, however, was considered a more important food source than the macrophytes, and, as such, was proposed to support diverse assemblages at that time of year. Diversity metrics were also correlated with habitat characteristics (waterbody depth, water temperature, turbidity, conductivity and chlorophyll), indicative of the multiple and potentially interrelated factors that vary seasonally with climate and river flow. Paltridge et al. (1997) studied the postdry-season recolonisation of macroinvertebrate assemblages in the ephemeral main stem of Magela Creek and found that richness and abundance tended to increase early on in the wet season. These trends resulted from macroinvertebrate recolonisation via drift with the onset of flow and the re-emergence of taxa from their dry-season refuges in the substrata.
The spatial prevalence and temporal persistence of a dry-season decline in macroinvertebrate diversity, a wet-season recovery in response to seasonal flow patterns, and concomitant changes in water quality and biophysical habitat across the wet-dry tropics is unknown. However, responses are likely to differ between flow-regime classes, such as perennial versus intermittent systems, and between habitat types, such as lotic versus lentic (e.g. Humphrey et al., 2008; Leigh & Sheldon, 2009) . Flow data and macroinvertebrate presence/absence data, collected over 2 years as part of the Australian Rivers Assessment Scheme (AUSRIVAS) from undeveloped streams and rivers across the wet-dry tropics of northern Australia, were used to explore the effects of antecedent flow and the low-flow, dry-season period on assemblage characteristics of composition, diversity and biological traits. I hypothesized that in the sampled edge and sand habitats (i) there would be differences in assemblage characteristics, water quality and habitat-scale environmental characteristics between early (immediate post-wet) and late dry seasons, (ii) these assemblage characteristics would be associated with the habitat characteristics and (iii) antecedent flow characteristics of the most recent dry and wet seasons would be associated with dry-season macroinvertebrate diversity and biological traits. I expected that time since the last wet-season peak flow would correlate negatively with macroinvertebrate richness, that low-flow magnitude at the time of sampling would correlate positively with macroinvertebrate richness, and that late dry-season assemblages would be less rich than early dry-season assemblages, particularly if habitats became lentic in the late dry season.
Materials and methods

Study region
River systems across much of northern Australia's wet-dry tropics are unregulated. River flow in the wet season is primarily event driven in the summer months (*November-April, depending on location). Low flows, including zero flows, are natural phenomena of the long dry season, although groundwater discharge ensures that some rivers (e.g. the Daly) flow throughout the year (Petheram et al., 2008; Kennard et al., 2010a) . This study examined streams and rivers within the Northern Territory that discharge into the Timor Sea and Gulf of Carpentaria (Fig. 1) . Systems in this region have been classified as stable baseflow (perennial), predictable summer highly intermittent (summer-dominated runoff; 100-200 zero flow d y -1 ) and variable summer extremely intermittent (summerdominated runoff; [250 zero flow d y -1 ) (Kennard et al., 2010a) .
Data collation and preparation AUSRIVAS uses standardised and rapid approaches to monitor and assess the biological health of rivers in the Australian States and Territories and is based on predictive modelling. For the present study, I used AUSRIVAS data collected from multiple river basins in the Northern Territory (Lloyd & Cook, 2001) in the early (May and June) and late (September and October) dry seasons of 1995 and 1996. These data form the basis of the predictive models that are now used to assess the biological health of streams near Darwin, Northern Territory (Fig. 1 ) but have not previously been used to explore hypotheses on seasonal patterns or flow-ecology relationships. Samples and data were collected from edge and/or sand habitats within each site, these being the two most dominant habitat types in the region. Sites were defined as reaches of *100 m in length. For each site, between-season sampling dates were separated by at least 3 months. Edge habitats were near vertical edges of rivers and streams, preferably with abundant root material and usually an associated pool. Sand habitats were sand beds that did not have a thick cover of detritus or algae.
Macroinvertebrates were collected from a total length of 10 m of edge or sand habitat using hand nets (250-lm mesh), preserved in 70% aqueous ethanol and then identified in the laboratory (excluding Cnidaria, Nematophora, Nematoda, Ostracoda, Copepoda, Cladocera and Collembola) to the family level of taxonomic resolution except for Oligochaeta (Class), Acarina and Conchostraca (Order) and Chironomidae (Subfamily). In accordance with AUSRIVAS protocol, samples were subsampled using a modified sub-sampling box (Marchant, 1989) until all (if \200) or 200 animals were identified, with adults and larvae of the same taxon being combined numerically. In some cases, however, more than 200 individuals had been identified and counted; so for this study, sampling effort was standardised across samples by generating random subsamples of 200 individuals, without replication, using the vegan package (Oksanen et al., 2012) in R (R Core Development Team). This ensured that the maximum total individual count for any sample used in data analysis was 200. From this data, several metrics were calculated for each sand and edge sample: total richness (S), EPT richness (Ephemeroptera ? Plecoptera ? Trichoptera, although note that no sample contained Plecoptera) and the mean SIGNAL grade, dispersal capacity, rheophily and thermophily of taxa present. For context, SIGNAL grades for the Northern Territory macroinvertebrate taxa range from 1 to 9, where higher grades indicate taxa that are more sensitive to poor water quality and pollutants (Chessman, 2003) . Rheophily and thermophily trait values for all taxa included in the Northern Territory AUSRIVAS training manual range from 0 to 3.39, and from 0.77 to 1.19, respectively, where higher values are more indicative of rheophilous and thermophilous taxa, respectively (Chessman, 2009) . The dispersal capacity trait of Schäfer et al. (2011) ranges from low (1) to high (4). These traits were chosen because habitat preferences and dispersal capacities may give insight into the mechanisms by which assemblages respond to, or are affected by, hydrology, including low flows (e.g. Chessman et al., 2010; Brooks et al., 2011) and they were among the few with trait data available for the majority of taxa found in the study region.
At each site, mean water depth (m), stream width (m) and current speed (m s -1 ) at the habitat scale were also measured along with spot-measures of electrical conductivity (lS cm -1 ), dissolved oxygen (DO, mg L -1 ), temperature (°C), total nitrogen (TN, as total oxidised plus total Kjeldahl nitrogen, mg L -1 ) and total phosphorus (TP, mg L -1 ). Edge and sand habitats within the sampled reaches were often lentic (current speed = 0), even though the relevant streams or rivers may have been in flow at the time. For the first two hypotheses, which concerned assemblage and habitat characteristics of the early and late dry seasons, data were therefore grouped by habitat (edge or sand) and by the early versus late dry-season flow status of the habitat types (Table 1) . This produced three groups of data on which separate analyses were performed: sand habitats that were lotic in the early dry season but lentic in the late dry season, edge habitats that were lotic in the early dry season but lentic in the late dry season and edge habitats that were always lentic (Table 1) . To explore the third hypothesis, which concerned antecedent hydrology, data were collated only from those sites in close proximity to flow gauging stations (within *4 km of the edge and sand sampling locations) ( Fig. 1 ; Table 1 ). I compiled mean daily flow data (m 3 s -1 ) from these gauging stations to calculate antecedent flow metrics relative to the dates on which the early and late dryseason samples had been collected. Flow metrics that described ecologically relevant aspects of hydrology (e.g. magnitude, duration and rates of change; Poff et al., 1997) were calculated in RAP v3.0.3 (Marsh et al., 2003) for the most recent wet and dry seasons relative to samples, i.e. within 1 year of the macroinvertebrate sample date ( Table 2 ). The antecedent dry period was defined from the beginning of May in the same year of sampling through to the date of sampling, and the antecedent wet season from the start of December in the year prior to sampling through to the end of April in the year of sampling. These dates aligned with end of the dry season and start of the wet 
Data analysis
Difference in assemblage composition between the early and late dry seasons (hypothesis one) was tested by permutational multivariate analysis of variance (PERMANOVA) (Anderson, 2001) , based on the Bray-Curtis similarity measure between sample pairs of presence/absence data and using 9,999 permutations to generate P values for the PERMANOVA teststatistic, the pseudo-F. This F ratio is similar to that in traditional ANOVA except that the pseudo-F does not have a known distribution under a true null hypothesis (Anderson et al., 2008) . Year (1995 Year ( , 1996 as well as river basin and all interaction terms were included as random factors in models when samples were collected from more than one river basin and there were enough samples to provide adequate degrees of freedom for analyses. If the estimate of a term's component of variation in the model was negative, the term's variance component was considered to be zero and was removed from the model by pooling its degrees of freedom and sums of squares with another term. Pooling was done sequentially and followed methods outlined in Anderson et al. (2008) . Bray-Curtis similarity matrices, based only on groups of samples ) recorded at gauging stations in close proximity to the macroinvertebrate sampling sites, with macroinvertebrate sample dates at edge (E) and sand (S) habitats indicated by arrows for which there was a significant effect of season (P \ 0.05), were then ordinated using principal coordinates analysis (PCoA), which maximises the total variation among samples in the space identified by the relevant similarity measure. Vectors of taxonomic presence/absence, diversity and trait metrics and habitat-scale environmental and water quality variables were overlain on the PCoA ordinations to provide insight as to which taxa and habitat characteristics were associated with the dissimilarity between seasons. Vector overlays can be useful as an explanatory tool when the vectors identify variables that align along the same axis as do groups of similarity data (Anderson et al., 2008) . A Spearman correlation cut-off of ±0.35 was used as an indication of strong association between the variables and the pattern of assemblage dissimilarity between seasons (e.g. Brooks et al., 2011) . Difference in habitat characteristics, and in macroinvertebrate diversity and trait metrics between the early and late dry season (hypothesis one) was tested using one-way ANOVA. Associations between habitat characteristics and macroinvertebrate metrics (hypothesis two) were described by the Pearson correlation coefficient (r). This coefficient was also used to explore associations between antecedent flow metrics (Table 2 ) and the macroinvertebrate (S, EPT richness, mean SIGNAL grade, dispersal capacity, rheophily and thermophily) and habitat metrics (mean stream width, mean water depth, mean current speed, conductivity, temperature, DO, TN and TP) (hypothesis three). Variables were log-transformed where appropriate to meet assumptions of the parametric analyses. Univariate analyses were performed in R v2.13.1 (R Development Core Team, 2011, Vienna) with a = 0.05. All multivariate analyses were performed in PRIMER v6.1.13 with the PERMANOVA? 1.0.3 add-on package (PRIMER-E, 2009, Plymouth).
Results
Hypotheses one and two There are differences in assemblage composition and habitat characteristics between early (immediate post-wet) and late dry seasons, and assemblage characteristics are associated with habitat characteristics.
Season had a significant effect on similarity in assemblage composition among samples for sand habitats that were lotic in the early dry season but lentic in the late dry season (pseudo-F 1,12 = 2.30, P = 0.0347). These samples were collected from streams and rivers in the Daly River basin only (Table 1 ). For edge habitats that were lentic in the early and late dry seasons, river basin alone had a significant effect on similarity in assemblage composition among samples (pseudo-F 4,30 = 2.22, P = 0.0011), indicating that assemblage composition in these habitats differed among river basins. For the sand habitats that changed flow status between seasons, the first two axes of the PCoA explained 56.9% of the variation in assemblage similarity. The split between early and late dry-season samples aligned well with the first axis such that early dryseason samples from lotic habitats aligned positively and the late dry-season samples from lentic habitats aligned negatively along the axis (Fig. 3) . The vector overlay of macroinvertebrate presence/absence suggested that the presence of Ceratopogonidae, Orthocladiinae, Pyralidae and the EPT taxa Hydrospychidae, Leptophlebiidae and Philopotamidae (mean SIGNAL grade = 5.5, mean rheophily = 1.72) was more strongly associated with the sand habitats in the early dry season that were lotic (r [ 0.35 for all), than with the same habitats under lentic conditions in the late dry season, which were more strongly associated with the presence of Corbiculiidae, Lymnaeidae, Oligochaeta, Palaemonidae, Atyidae, Dytiscidae, Elmidae, Hydrophilidae and Ecnomidae (mean SIGNAL grade = 3.2, mean rheophily = 0.81) (r \ -0.35 for all). Diversity and trait metrics and habitat-scale environmental and water quality variables that aligned positively along the first PCoA axis (such that higher values of these variables were associated with the lotic, early dry-season assemblages) included mean SIGNAL grade, mean rheophily, mean water depth, DO and TP (r [ 0.4 for all). Mean current speed was zero in lentic habitats of the late dry season and this variable, therefore, also aligned positively along the first PCoA axis. Temperature and conductivity aligned negatively along the first PCoA axis (P \ -0.4) such that higher water temperatures and conductivities were associated with the lentic, late dry-season assemblages in these sand habitats.
Season also had significant effects on habitat and assemblage characteristics of these sand habitats, supporting the results from multivariate analyses. The late dry-season (lentic) habitats had significantly higher water temperatures (F 1,12 = 21.6, P = 0.0006) and TN concentrations (F 1,12 = 5.0, P = 0.0458) but lower DO (F 1,12 = 5.9, P = 0.0319) than the same (but lotic) habitats in the early dry season (Fig. 4) . The assemblages in the lentic sand habitats had lower SIGNAL grades (F 1,12 = 10.6, P = 0.0069) and rheophily (F 1,12 = 5.3, P = 0.0405) in the late compared with the early dry season when the sand habitats were lotic (Fig. 4) . Strong correlations were detected between habitat characteristics and macroinvertebrate metrics of the sand habitat samples. Temperature correlated negatively, and current speed positively, with EPT richness, SIGNAL grade and rheophily; DO correlated positively with SIGNAL grade; and TN correlated negatively with both SIGNAL grade and rheophily (P \ 0.05; Fig. 5) .
In edge habitats, temperature was also significantly higher in the late than in the early dry season for habitats that changed from lotic to lentic (F 1,16 = 5.7, P = 0.0298) and for those that were always lentic (F 1,34 = 13.5, P = 0.0008) (Fig. 4) . For the edge habitats that changed from lotic to lentic between seasons, DO was also lower in the late dry season (F 1,16 = 13.2, P = 0.0022), as was the assemblage SIGNAL grade (F 1,16 = 15.0, P = 0.0013) and rheophily (F 1,16 = 7.3, P = 0.0155) (Fig. 4) . As water temperature increased and as mean current speed decreased in these habitats, the assemblage SIGNAL grade and rheophily declined (P \ 0.05; Fig. 6 ). Rheophily also declined, but taxonomic richness increased, as water conductivity increased (P \ 0.05; Fig. 6 ). EPT richness declined as DO concentration decreased (P \ 0.05; Fig. 6 ). The same relationships between conductivity and overall richness, and between DO and EPT richness, were also found in the edge habitat samples that were lentic in both the early and the late dry seasons (P \ 0.05). In these habitats, DO also correlated positively with overall richness, rheophily and SIGNAL grade, and dispersal capacity increased with mean water depth (P \ 0.05; Fig. 6 ).
Hypothesis three Antecedent flow characteristics of the most recent dry and wet seasons are associated with dry-season macroinvertebrate characteristics.
In sand habitats (Fig. 7) , macroinvertebrate richness (S) was negatively correlated with average and high-flow magnitudes and the mean rate of fall in the antecedent wet season (WeMax: r = -0.58; WeP90: r = -0.63; WeMDF: r = -0.64; WeMRateFall: r = -0.55). The mean SIGNAL grade and rheophily Fig. 4 Box and whisker plots of sand and edge habitat and assemblage characteristics that were significantly different between early and late dry seasons. Left column plots (A-D) and plot I show sand habitats that changed from lotic to lentic; middle column plots (E-H) show edge habitats that changed from lotic to lentic; plot J shows edge habitats that remained lentic of assemblages declined as the number of days since the wet-season peak flow (r = -0.46 and -0.48, respectively) and since the end of the wet season increased (r = -0.44 and -0.43, respectively), and the SIGNAL grade also declined as flow variability in the antecedent dry season increased (DrCV: r = -0.51) (Fig. 7) . EPT richness declined as average and high flows in the antecedent wet season increased in magnitude (WeP90 and WeMDF: r = -0.51) (Fig. 7) . In edge habitats (Fig. 7) , assemblage richness declined as flow variability in the antecedent wet season increased (WeCV: r = -0.52). As duration since the end of the wet season lengthened, the SIGNAL grade and dispersal capacity of the edge habitat assemblages declined (r = -0.51 in both cases). For both the sand and the edge habitats, assemblage diversity and biological traits were also correlated with habitat-scale environmental and water quality characteristics, which themselves were correlated with the antecedent flow metrics (Fig. 7) . Overall richness in edge habitats increased with DO (r = 0.51), which Table 2 for flow-metric codes end of the wet season lengthened (DsinceEndWet: r [ 0.44 for sand; r [ 0.59 for edges). In sand habitats, TN concentration increased as the average (DrMDF: r = -0.72) and high-flow magnitudes (DrP90: r = -0.51) in the antecedent dry season declined.
Discussion
The late dry-season assemblages of the highly seasonal systems in the wet-dry tropics study region were expected to be less rich than the early dry-season assemblages, particularly when habitats became lentic towards the end of the dry season. Between-season differences, however, were associated with macroinvertebrate rheophily and sensitivity to water poor quality rather than richness. It is possible that richness varied during the course of the dry season, following the typical trajectory of a peak in richness with the initial onset of reduced flow and habitat contraction, with subsequent reduction in richness as habitat conditions deteriorated with time (e.g. Boulton & Lake, 1992) . However, the early and late dry-season assemblages may have been sampled at points in time along this trajectory when dramatic differences in richness were not apparent. Taxonomic replacement of lotic taxa by lentic taxa between the early and the late dry seasons may also have occurred, thereby preventing a decline in richness (Bogan & Lytle, 2007) . The differences found between seasons in the composition and trait characteristics of assemblages, despite the comparable numbers of taxa, therefore reflect a taxonomic turnover similar to that observed in other systems in which relatively long periods of reduced flow or stream drying occur (Bogan & Lytle, 2012) .
Macroinvertebrate assemblages of the studied river systems consisted of taxa that were, on average, more sensitive to water quality and more rheophilous in the early dry season when their habitats were in flow than in the late dry season when the habitats had become lentic. In addition, the waters of the sand and edge habitats harbouring the macroinvertebrates were cooler and more oxic in the early dry season than towards the end of the dry season. In the sand habitats, the waters were also more nutrient rich in the late dry season, which parallels findings of other tropical river studies in which nutrient concentrations are greatest during the low-water period . There were also significant changes in assemblage composition between the early and the late dry seasons when sand habitats were in flow during the early dry season but lentic during the late dry season. Together, these findings supported the first hypothesis that there would be differences in assemblage and habitat-scale environmental characteristics of sites between the early and the late dry seasons, even though patterns of richness did not match the prediction. Similar shifts in assemblage composition in response to extended dry periods have been observed elsewhere in Australia, even in systems with flow regimes quite dissimilar to those in the wet-dry tropics. For example, in Victorian streams (southeast Australia), Rose et al. (2008) found that edge assemblages shifted during an extended dry period that was characterised by reduced flow and increased lentic habitat. Paralleling findings of this study, the shift resulted from the replacement of water quality sensitive and rheophilous taxa with taxa more tolerant to pollution and typically associated with still waters.
Contrary to the first hypothesis, however, assemblage composition between seasons could not be differentiated when habitats were lentic in both the early and the late dry seasons (water temperature was the only habitat-scale characteristic that was discernibly different between seasons for these lentic habitats). The lack of seasonal structure may have been in part affected by biogeochemical variation across river basins and interannual variation in habitat and flow characteristics that produced variation in assemblages not directly attributable to season. Interannual variation in discharge has been related to deviance from typical seasonal patterns of assemblage structure in Sycamore Creek, a North American desert stream and, in this study, hydrological characteristics in the year antecedent to sample collection were shown to affect assemblage characteristics (as discussed below). In the wet-dry tropics' study region, large-scale variation in factors such as geology, climate and groundwater supply, which affect stream geomorphology, flow permanence and water quality among other things , likely plays a role in distinguishing the macroinvertebrate assemblages of different river basins, particularly when temporal change in flow status of macroinvertebrate habitats does not occur. This is despite previous research finding little biogeographic structuring of family-level macroinvertebrate data across northern Australia (Kay et al., 1999; Cook et al., 2010) .
The sand habitats that experienced a change in flow status from lotic to lentic between the early and the late dry season were in the Daly River basin, the major rivers of which are perennial and supplied by groundwater discharge that maintains baseflow in the dry season (Webster et al., 2005) . The edge habitats that changed from lotic to lentic were located across multiple river basins, yet the changes in water quality (temperature, DO) and macroinvertebrate assemblage characteristics (SIGNAL grade and rheophily) in these edge habitats matched those in the sand habitats of the Daly River basin. This suggests that habitats in the study region that change from lotic to lentic through the course of a dry season may be the most likely to exhibit pronounced seasonal changes in their physical and chemical characteristics and macroinvertebrate assemblages, regardless of the river basin (and thus baseflow water source) in which they reside. Strong spatial effects of dry-season flow status, above those of river basin, on macroinvertebrate assemblages have been found among waterbodies in the Australian wet-dry tropics in systems east of this study region (Leigh & Sheldon, 2009 ). This study suggests that temporal change in dry-season flow status of habitats may also be a strong driver of assemblage structure, including trait composition.
Previously proposed relationships between seasonal patterns in macroinvertebrate assemblages and the wet-season growth of macrophytes, flow-delivered supply of organic detritus (Marchant, 1982; Outridge, 1988) or post-dry-season recolonisation of habitats from drift or hyporheic refugia (Paltridge et al., 1997) were not explored directly in this study. Therefore, the importance of these factors to temporal change during the dry season in assemblage characteristics across the study region cannot be commented on specifically. However, the reduced rheophily and water quality sensitivity of assemblages in the late dry-season habitats may have been due to active dispersal of taxa sensitive to water quality changes or with flowinghabitat preferences. These taxa may have actively sought refuge elsewhere in response to physical and chemical changes in their dry-season habitats that occurred as a result of flow cessation (when lotic habitats convert to lentic ones) or declining flow magnitudes as the dry season progressed (Lake, 2003) . For example, TN concentration increased as dryseason flow magnitudes declined and as the dry-season period lengthened, and higher TN concentrations were associated with lower sensitivity grades and rheophily trait values of assemblages. Also, the overall dispersal capacity of edge assemblages became lower as the dry-season period to which they were exposed lengthened. This suggested that as the dry season progressed, the taxa that found the changes in habitat conditions unsuitable and could escape these habitats probably did so (e.g. Lytle et al., 2008) .
Reduced flows are known to affect physical and chemical characteristics of refugial waterbodies, in particular the conductivity and diel temperature ranges usually increase, and DO concentrations usually decrease as the waterbodies dry out (Boulton & Suter, 1986; Sheldon & Fellows, 2010) . Many macroinvertebrates are sensitive to these water quality parameters (Chessman, 2003) and it is therefore not surprising that pollutiontolerant and non-rheophilic taxa are favoured by lowflow conditions, and particularly when flow ceases for extended periods of time. Thus, low-flow events and their duration are likely to elicit both direct and indirect responses in macroinvertebrate assemblages (Lake, 2003) . As such, the simple dichotomy of flow status (lotic vs lentic, as proposed above) is unlikely to explain all flow-related changes in macroinvertebrate assemblage characteristics or the physical and chemical conditions of their habitats during the naturally low-flow periods of the dry season. For example, direct negative responses of rheophilous taxa to long periods of zero flow may be accompanied by negative responses of sensitive taxa to the changes in water quality associated with cease-toflow events. The patterns observed in this study are therefore likely to be related to effects of flow-mediated changes in habitat and water quality characteristics, such as habitat size contraction and concentration of particulates, reduced water turbulence and decreased oxygenation, and increased water temperatures, that result from antecedent as well as contemporary hydrology and climate (Lake, 2003) .
Along with the duration of low-flow or cease-toflow events, other aspects of low-flow hydrology (e.g. magnitude, variability, rate of change), in relation to both the dry-season sample date and the flow events occurring in the antecedent wet season, played a role in structuring the dry-season assemblages in this study. These findings supported the third hypothesis that antecedent flow characteristics of the most recent dry and wet seasons would be associated with dry-season macroinvertebrate characteristics. As the time between sampling and the wet-season peak or the end of the wet season lengthened, the duration of the dryseason low-flow period that the assemblages had experienced increased. The longer this duration, the more tolerant (less water quality sensitive) and less rheophilic were the dry-season assemblages. This supports research on drought, low flows and water withdrawals in other systems throughout Australia (Marsh et al., 2012) and across the world, whereby the cumulative duration of low-flow events has had major effects on the ecological responses of aquatic biota (Dewson et al., 2007; Miller et al., 2007; Finn et al., 2009) . In this study, evidence was also found to support the expectations that macroinvertebrate richness in the dry season would correlate negatively with time since the antecedent wet-season peak flow, and positively with flow magnitude at the time of sampling. As flow magnitudes in the antecedent dry season and on the day of sampling increased, the waters in macroinvertebrate habitats became more oxic, and as the habitats became more oxygenated, macroinvertebrate richness increased. Overall and EPT richness were also related to antecedent wetseason hydrology. Higher wet-season flow magnitudes, flow variability and rates of fall were correlated with lower richness in the dry season. Although the macroinvertebrate fauna of these highly seasonal streams and rivers are no doubt well adapted to regular and naturally extended periods of low flow (Kennard et al., 2010b; Leigh et al., 2010) , the current findings suggest that particularly short and high wet-season flows (pulse disturbances) may have sustained effects on assemblage richness through the comparatively long dry season (press or ramp responses; Lake, 2000) . Furthermore, alteration of the flow-disturbance regime that increases the likelihood of flow cessation in macroinvertebrate habitats or extends the dry-season period beyond that previously experienced in these highly seasonal systems may alter the resistance and resilience of assemblages (Boulton, 2003) such that cyclic decline and recovery of biodiversity, as both observed (e.g. Outridge, 1988) and expected in these systems (Leigh & Sheldon, 2008; Leigh et al., 2012) , may no longer be such a reliable pattern.
Observational studies, including this study, provide insight on the effects of low flow, water drawdown and seasonality on river ecosystems and their biota, as has been demonstrated in Australia and New Zealand (Jowett et al., 2005; Chessman et al., 2008; Leigh, 2012) , Europe (Bonada et al. 2007; Wood et al., 2010; Datry, 2012) and the Americas (Miller et al., 2007; Zeug & Winemiller, 2008 ). Yet our mechanistic understanding of ecological responses to reduced flow, flow cessation and stream drying still requires expansion (Dewson et al., 2007; Rolls et al., 2012) . For example, the ability to draw conclusions about causal mechanisms of assemblage responses to low flows and the dry season in this study was likely restricted by confounding effects of river basin and multiple stressors (e.g. baseflow hydrology and physical and chemical changes to habitat) on assemblage characteristics. Future research may need to examine dry-season-and low-flow-ecology relationships within particular river basins or use a filters approach (e.g. Brooks et al., 2011) to control for variation in the physical and chemical environment among streams, providing that sufficient data are available. The use of experimental stream channels to determine biotic and ecosystem responses to coincident change in more than one aspect of the low-flow-disturbance regime (duration, magnitude, frequency, timing and rate of change; cf. McCabe & Gotelli, 2000) may also improve our ability to predict responses to flow-regime changes (perennial to intermittent; intermittent to ephemeral) associated with climate change and the projected increase in demand on the world's freshwater resources.
